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ABSTRACT 
Thesis title: The Synthesis and Characterization of 
Novel 5,6-Disubstituted 1,10-Phenanthrolines 
Thesis directed by: Dr. Mark E. McGuire 
Two new ligands, 5-amino-6-nitro-1,10-phenanthroline (5-NH2-
6-N02-phen), produced by amination of 5-N02-l,10-phenanthroline, 
and 5,6-diamino-1,10-phenanthroline (5,6-(NH2) 2-phen) ,produced by 
reduction of 5-NH2-6-N02-phen, have been synthesized and 
characterized. The ligand 5-NH2-6-N02-phen has been coordinated 
to a Ru(II) metal center to produce the Ru(II)-polypyridine 
complex [ (bpy) 2Ru ( 5-NH2-6-N02-phen)] (PF6 ) 2 (bpy= 2, 2' -bipyridine) . 
This complex has been characterized by IR, UV-Vis, 1H-NMR, and 
cyclic voltammetry (CV) . 
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Chapter 1 
Introduction 
The interesting properties of chemical stability, redox 
properties, excited state reactivity, and luminescence of 
tris-chelated complexes of Ru(II) with 2,2'-bipyridine(bpy) and 
1,10-phenanthroline(phen) and many of their derivatives have 
attracted intense interest from many research workers in recent 
years 1 • They have also played a key role in the development of 
concepts and methodology in inorganic photochemistry. 
bpy phen 
Fi2. 1-1 bpy and phen 
The phenomenon of visible light emission from fluid solutions 
containing Ru(bpy)/+(the beautiful orange emission) spurred early 
photophysical studies to characterize the luminescence and identify 
excited states2 • 3 • Following this beginning it was discovered that 
the excited states of [Rurr (bpy) 3 ) 2 + and [Rurr (phen) 3 ) 2 + could 
1 
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participate in redox processes in fluid solution. 4 • 5 It was also 
discovered that both [Run (bpy) 3 ] 2 + and [Run (phen) 3 ] 2 + could function 
as photocatalysts for the decomposition of water into hydrogen and 
oxygen6 • These developments helped make the tris-chelated complexes 
of Ru(II) with bpy and phen ligands one of the most studied sets of 
metal complexes. 
The photochemical and photophysical processes involved the 
absorption of a photon by the complex. The highly energetic and 
unstable species in the excited state must undergo some type of 
deactivation. It can occur via 1) disappearance of the original 
molecule (photochemical reaction), 2) emission of light 
(luminescence), 3) degradation of the excess energy into heat 
(radiationless deactivation) or 4) some type of interaction with 
other species1 (quenching reactions) . 
The structure and reactivity patterns of excited state species 
formed by absorption of light have always been heavily emphasized 
in the study of the photochemistry of Ru(II) complexes. However, 
detailed knowledge of the structure and reactivity of the ground 
state is also necessary for the successful interpretation of 
photochemical events. The ground state structure of one entantiomer 
of Ru(bpy)/+ (hexafluorophosphate salt) as determined by X-ray 
crystallography8 is shown in Fig. 1-2. The complex has D3 symmetry 
and the Ru-N bond length is 205.6 pm which is somewhat shorter than 
2 
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the 210. 4 pm value in [Ru (NH3 ) 6 ] 2 +, 8 indicating significant rr-
backbonding between Ru(II) and the rr* orbitals of bpy. 
Fig. 1-2 Structure of RuCbpy). 2+ 
For the characterization of the excited state, there are hardly 
any other transition metal complexes or organic molecules that have 
received more careful attention than the complexes [Ru(bpy) 3 ] 2 + and 
[Ru(phen) 3 ] 2 +. It would be useful to describe (using a localized 
molecular orbital model) both the ground and excited state 
manifolds. Fig. 1-3 (taken from ref.7) shows a simplified 
representation of the electronic situation for a d 6 -complex (such 
3 
as a 0 3 Ru(II) complex with octahedral microsymmetry). 
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Fi2. 1-3 orbital description and state dia2ram for Ru(bpy)~ 
The ground and the low lying excited states can be described 
using t 2g (stabilized) and eg (destabilised) d orbitals of the metal 
ion and n-bonding and n*-antibonding orbitals of the ligand 
aromatic system. In a strong field configuration, the ground state 
would be t 2g6 , leading to an 1A1 ground state label. One electron 
excitation would then lead to four possible orbital types for the 
excited states: d-->d*, d-->rr*,rr-->d*, and rr-->rr*, both singlets and 
triplets. Transitions such as promotion of an electron from t 2 to 
e orbitals are essentially confined to the metal and such d-->d* or 
metal-centered (MC) transitions give rise to weak (Laporte 
forbidden) absorption bands. Excitation of a metal t 2 electron to 
4 
rr*-antibonding orbital on the ligands give rise to d-->rr states. 
such transitions involving transfer of electronic charge from the 
metal to the ligand are labelled metal-to-ligand charge transfer 
(MLTC) transitions. These transitions have significant absorptions 
in the visible region. Transitions (n-->n*)within the ligands 
. ' 
(ligand-centered or LC) usually lie at high energies (in the UV) 
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Fie. 1-4 Absorption and emission spectrum for Rulbpy),2• in aqueous solution at room tempreture 
Fig. 1-4 presents the absorption and emission spectrum9 of 
Rurr (bpy) 32 • along with assignments. The bands at 185 nm (not shown) 
and 285 nm were assigned to LC n->n* transitions. The two remaining 
intense bands at 240 nm and 450 nm were assigned to MLCT (d-->n*) 
transitions. The shoulders at 322 and 344 nm might be MC 
transitions. The band at 450 nm is slightly sensitive to the 
5 
solvent, suggesting an instantaneous sensing of the formation of 
the dipolar excited state [Ruur (bpy) 2 (bpy-)] 10 • 
RuII(bpy)/+ shows a broad and structureless orange-yellow 
emission around 600 nm at 293 K. However, at 77 K in glassy 
solutions, the spectrum is well resolved. The emission bands are at 
580 nm for Run (bpy) /+ and at 565 nm for [Ruu (phen) 3 ] 2 + as shown on 
Table 1-1. 
Property Ru (bpy) 3 2 + Ru(phen)/+ 
Ground State Absorption 
~x (run) 452, 345, 285 447, 422, 262 
E (mM) 14.6, 6.5, 87 19.0, 18.3, 115 
Excited state Absorption 
A.max (nm) 310, 358, 452 
E (mM) 27.3, 2.1, 18.2 
Emission Max/nm 
298K 607 593 
77K 580, 633,692 565, 610, 664, 726 
Table 1-1. Absorption and Luminescence properties of Ru(bpy),2+ and Ru(phen),z+ in agueous solution 
In Ru (bpy) /+ and Ru (phen) 3 2 +, the unique and intense charge 
transfer emission occurs at lower energy than does ligand rr-->rr* 
phosphorescence in the free ligand. This in conjunction with the 
intense CT absorption bands implies a substantial metal d-ligand rr 
interaction. 
Cyclic voltammetric studies of Ru(bpy)/+ and Ru(phen)/+ show 
several reversible waves corresponding to successive le-
6 
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oxidations and/ or reductions. The following midpoint potentials in 
equations (1), (2), (3), and (4) 12illustrate this. 
Solvents 
Ru (bpy) 3 2+ + e--------> Ru (bpy) 3 + E =-1.28 v H20 eq. 1 
Ru (bpy) 3 3+ + e- - - - - - - - > Ru (bpy) 3 2+ E =+1.26 v H20 eq. 2 
Ru (phen) 3 2+ + e-------> Ru (phen) 3 + E =-1.44 v CH3CN eq. 3 
Ru (phen) 3 3+ + e-------> Ru (phen) 3 2+ E =+1.36 v CH3CN eq. 4 
The Ru complexes in the +3 state are good oxidants and in the +1 
state are good reductants. 13 
Midpoint Potential (V) 
Ru-complex and medium 
(+3/+2) (+2/+1) (+1/0) (0/-1) (-1/-2) 
Ru(bpy)/+, H2o (vs SCE) +1.26 -1.28 
Ru(bpy)32+, CH3CN (vs SCE) +1.29 -1. 33 -1.52 -1.76 -2.40 
Ru(phen)/+ , CH3CN (vs SCE) +1.36 -1. 44 -1.54 -1.84 -2.24 
Table 1-2 
The redox potentials of the excited states can be obtained from the 
redox potentials of the corresponding ground states14 . For Ru (bpy) 3 2+ 
complexes, the lowest excited state energy has been computed to be 
2.12 eV. With the ground state redox potentials available by cyclic 
voltammetry, it is then possible to compute the potential for the 
excited state. 
ED [Ru (bpy) /+*/3+] = ED [Ru (bpy) /+*/2+] - ED [Ru (bpy) 33+/2+] 
7 
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2.12 - 1.26 0.86 v 
Similarly 
E0 [Ru (bpy) /+*/+] = E0 [Ru (bpy) /+*/2 +] + E0 [Ru (bpy) /+/+ 
= 2.12 - 1.28 = 0.84 v 
E0 [Ru (bpy) /+*/3 +] = +O. 86 V 
E0 [Ru (bpy) 32+*/+] = +O. 84 V 
Comparing the redox potentials for the ground and excited 
states, it follows that, for the Run(bpy)/+ complex, the excited 
state is a better reductant and also a better oxidant. The excited 
state emission may then be quenched either by oxidation or 
reduction. 
Ru(bpy)/+* + Q--------> Ru(bpy) 3 3+ + Q- (Oxidative quenching) 
Ru(bpy)/+* + Q--------> Ru(bpy) 3+ + Q+ (Reductive quenching) 
A distinctive feature which makes studies with bpy and phen 
complexes interesting and worthwhile is the ability to vary 
significantly the redox properties of the resulting metal complexes 
by appropriate substituents in the ligand. Ligand substituents may 
affect the redox potential by (a) influencing the basicity of the 
donor N-atoms; (b) affecting the TI-bonding ability of the ligand; 
(c) changing the entropy and enthalpy of hydration of the complex 
ions; or (d) by purely steric effects preventing the ligands from 
acquiring the most f avorable orientation about the center metal 
ion. 
8 
The substituents with electron donating groups will stabilize 
the oxidized state of Ru(II) complexes and substitution with 
electron withdrawing groups will destabilize the oxidized state 
( see Table 1-3, taken from ref. 15) 
Ground state potential (V) Excited state potential (V) 
Ligand vs NHE Vs NHE 
E (Ru3+/2+ ) E* (M* /W) 
phen 1. 26 +0.87 
5-Me-phen 1. 23 +0.92 
5-Cl-phen 1. 36 +0.77 
5-N02-phen 1. 46 +0.67 
5,6-Me2-phen 1. 20 +0.93 
Table 1-3. Redox properties of substituted phen complexes of Ru(IJ) in agueous solution 
It would be interesting to investigate the properties of 
substituted phen ligands that have both electron donating groups 
and electron withdrawing groups on the same ligand. A comparison 
could then be made with ligands that have only electron donating or 
withdrawing groups. 
In our research, two new ligands, 5-amino-6-nitro-1,10-
phenanthroline (5-NH2-6-N02-phen,I) and 5,6-diamino-1,10-
phenanthroline (5,6-(NH2) 2-phen,II) have been synthesized. Fig. 1-5 
shows the structure of the two new ligands. 
9 
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Fie.I- 5 Structure of Li13nds I and II 
The compound I can be made by nitration of 1,10-
phenanthroline, using a procedure similar to that reported by 
Amouyl et ali6 , followed by a procedure similar to a Chichibabin 
reactioni7 to introduce the amino group. 
1) Oleum (H2S04, S03) 
2)HN03, 72% 
NH3 (liq) 
KMn04/ -290C 
+ 
I 
The compound I can be then reduced by catalytic hydrogenation 
10 
to compound II in the presence of palladium on activated carbon 
(Pd/C, 10%) , using a proedure similar to that reported by 
Nasielski-Hinkens, R . 18 
10% Pd/C 
EtOH 
I I 
I II 
The compound I, 5-NH2 -6-N02 -phen was coordinated to a Ru(II) 
metal center in acetone, to form a new Ru(II) polypyridyl complex 
(III) 
cis-Rull(bpy)2Cl2·2H20 
UV-Vis 
E-chem 
+ 
PF&-
., 
/N~ 
(bpy)2Rull 
'-....N 
I 
2+ 
2PF5· 
III 
The synthesis and characterization of compounds (I), (II) 
and (III) will be described fully in the Experimental and Results 
and Discussion sections. 
11 
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Chapter 2 
Experimental Section 
I. Materials 
1,10-Phenanthroline monohydrate (phen, 99%), o-xylene (97%), 
palladium (10%) on activated carbon (Pd/C, 10%), hydrazine 
hydrate (N2H4 •H20) , lithium chloride (Li Cl, ACS Reagent) , 
dimethylformamide (DMF), 2,2'-bipyridine (bpy), silver 
trifluoromethanesulfonate (AgTFMS, 99+%), ammonium 
hexafluorophosphate (NH4 PF6 , 99.99%), potassium bromide (KBr, 
99+%; FT-IR grade), and RuC1 3•xH20 were purchased from Aldrich 
Chemical Co. and used as received. Potassium permanganate (KMn04 , 
reagent grade) and acetone (reagent grade) were obtained from 
EM Science. Fuming sulfuric acid ( oleum; H2S04 , 3 0% S03 ) , 
concentrated nitric acid (HN03 , 72%), and methanol (CH30H, 
reagent grade) were obtained from Fisher Scientific Co., and used 
as received. Diethyl ether (Mallinckrodt Chemical Co.), ethylene 
glycol (EM Science) , and absolute ethanol (Midwest Grain Products 
Co.) were used without further purification. Cis-dichlorobis(2,2'-
bipyridine)ruthenium(II) dihydrate (99%) was obtained from 
Strem Chemicals and used as received. Acetonitrile (CH3CN, 
spectrograde) was obtained from Aldrich Chemical Co. 
Tetrabutylammonium hexafluorophosphate (TBAH) was obtained from 
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Bioanalytical Systems, Inc. and used as received. Dimethyl 
sulfoxide (DMSO, 99.9%, A.C.S. spectrophotometric grade), and 
chloroform (CH3Cl, A.C.S. spectraanalyzed grade) were obtained from 
Fisher Scientific. Unless otherwise stated, all water used was 
house-deionized water that had passed through a Millipore Milli-Q 
water system, equipped with a 0.22 µM filter. 
n.~nili~~ 
5-nitro-1,10-phenanthroline (5-N02 -phen) 
This preparation followed a procedure similar to that reported 
by Amouyal et al 1 • Oleum (55 mL) was added to a 3-neck 250-mL RB 
flask, equipped with a stir bar, a thermometer and a refluxing 
column. Phen (10.1018 g, 56.1 mmoles) was added in portions over 
a time period of 5 min. The resulting mixture was stirred and 
heated to 110 °C for 30 min. 
After 30 min, the heating mantle was removed, and 10 mL of 72% 
HN03 was added dropwise over 20 min (caution: initial additions 
violent). At the beginning, the temperature rose rapidly to 125°C, 
and a brown solution was obtained. The solution was heated to 
145°C, the heating mantle was removed, and 40 mL of 72% HN03 was 
added dropwise over a period of 40 min. The resulting mixture was 
stirred for another 2.5 hand then the resulting orange solution 
was poured into a 1000-mL beaker that contained 250 mL of ice. The 
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solution first separated into two layers with two different colors. 
The top one was green, the bottom one was yellow. It became 
completely green when it was stirred. 
The solution was neutralized with 30% NaOH until the pH was 
about 4.0. A large amount of creamy yellow solid was formed and the 
supernatant was yellow. It was then filtered through a 150-mL F 
frit, and the solid left in the frit was washed with 800 mL of 
water, and dried in vacuum for 2 h. Yield of crude 5-N02 -phen: 
8.7470 g. (The filtrate and water washes contain large amounts of 
1,10-phenanthroline-5,6-dione (phendione) which can be extracted 
using methods described previously1 ) • 
The crude 5-N02 -l,10-phen and 35 mL of 95% ethanol were added 
to a 100-mL RB flask that was equipped with a stirring bar and a 
reflux column. The mixture was heated to a strong reflux 
for 15 min and filtered hot through a 150-mL F frit. In the 
filtrate, as it cooled down, a large amount of light-yellow solid 
came out of the solution. It was then filtered through a 60-mL F 
frit. The solid left in the frit was washed with 5 mL of ice-cold 
95% ethanol, and vacuum-dried. Yield: 6.7112 g; 53.2% (based on 
phen). Mp = 196-198 °C, (lit. = 200-202 °C) 2 
Synthesis of 5-amino-6-nitro-1,10-phenanthroline (5-NH2 -6-N02 -phen) 
This ligand was prepared by a method similar to that reported 
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by H. Tondys 3 • A 3-neck 250-mL RB flask, equipped with a special 
condenser for liquid NH3 , was put into an o-xylene/N2 bath(-29 °C). 
About 65 mL NH3 (l) was added into the flask. 
After about 3 min, 0.5002 g (2.22 mmoles) of 5-N02 -l,10-phen 
was added with stirring. The solution looked greenish yellow and it 
was allowed to keep stirring for 5 min. KMn04 (0.8665 g) was 
added in portions over a period of 15 min. The solution was kept 
stirring for 2 h. The cold bath was removed, the mixture was 
allowed to warm up to room temperature, and the NH3 evaporated. A 
black/yellow solid remained in the flask. 
Water (20 mL) was added to the flask, and the resulting 
suspension was stirred for 1 min, and then filtered through a 60-mL 
glass M frit. The solid collected was washed with small amounts of 
water until the washes were a faint pink. The solid was dried by 
suction for 10 min, transferred to a 3-neck 500-mL RB flask, and 
then 270 mL of 95% EtOH was added. The mixture was brought to a 
strong reflux for about 15 min, and then it was filtered hot 
through a 150-mL F frit. A dark solid remained in the frit. The 
orange filtrate became cloudy when it cooled to room temperature. 
Its volume was reduced to 230 mL (using a stream of N2 (g)). The 
solid that precipitated settled to the bottom of the beaker. 
After decanting much of the supernatant the remaining mixture 
was filtered through a 15-mL F frit. The shiny orange solid was 
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washed with 4 drops of cold 95% EtOH, and vacuum-dried for 2 h. 
Yield: 0.1785 g; 33.8% (based on 5-N02 -phen). Mp = 323-324 °C. Anal. 
Calcd. for 5-NH2 -6-N02 -phen: C, 60.00%; H, 3.36%; N, 23.31%; 
Found: C, 60.16%; H, 3.43%; N, 23.31%. 
When the filtrate and supernatant from the above procedure 
were rotary evaporated down to a volume of 50 mL, more orange solid 
was formed. This solid was collected and vacuum-dried. Yield: 
0.0520 g. Mp = 321-324 °C. 
Synthesis of 5,6-diamino-1,10-phenanthroline (S,6-(NH) 2 -phen) 
This complex was prepared in a manner similar to that reported 
by Nasielski-Hinkens, et al. 3 Absolute ethanol (50 mL), 59.7 mg 
10% Pd/C, and 69.4 mg (0.309 mmoles) of 5-NH2 -6-N02 -l,10-phen 
were added to a 100 mL RB flask. The mixture was heated and stirred 
and 20-25 drops of a solution of 0.176 mL N2H4 •H20 in 5 mL absolute 
ethanol was added every 5 min over a period of 75 min. The mixture 
was then refluxed for 2 h. The hot mixture was then suction 
filtered through paper (3.5 cm). The carbon left on the paper was 
washed with 5 drops of room temperature absolute ethanol, and the 
wash was combined with the original filtrate. (The paper filter 
containing Pd/C was stored under water for disposal.) Addition of 
150 mL of anhydrous ether to the yellow filtrate followed by 
storage in the freezer overnight failed to initiate precipitation. 
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The ether was allowed to evaporate in the hood, and the remaining 
solvent was rotary evaporated down to a volume of 10 mL. The 
suspension that was formed was filtered through a 15 mL F frit, and 
the solid washed with 5 drops of ice-cold absolute ethanol. The 
yellow solid was vacuum-dried for 3 h. Yield: 33.8 mg; 65% (based 
on 5-N02 -6-NH2 -phen). Mp > 360 °C. Anal. Calcd. for 5, 6- (NH 1 2 phen: 
C, 68.55%; H, 4.84%; N, 26.65%; Found: C, 68.45%; H, 4.79; N, 
26.54%; 
Preparation of [Ru(bpy) 2 (S-N02 -6-NH2 -phen)] (PFd 2 
Acetone (25 mL) was added to a 100-mL 3-neck RB flask that was 
equipped with a stirring bar and a reflux column, and the acetone 
was deoxygenated by N2 for 25 min. cis-Ru(bpy) 2Cl2 •2H20(0.1003 g, 
0.1915 mmoles) was added with stirring, followed by 0.0981 g 
(0.3822 mmoles) of AgTFMS. The resulting mixture was kept stirring 
under N2 for 3 h and was protected from light . The solution was 
then filtered through a 15 mL-frit and a faint pink white solid 
remained in the frit. 
The dark red filtrate was added to a 3-neck 100-mL RB flask 
that was equipped with a stirring bar and a reflux column, and 
heating and stirring were begun. After 5 min, 45 mL of a previously 
deoxygenated mixture of 20 mL abs. ethanol and 25 mL acetone was 
added, followed by 0.0445 g (0.1972 mmoles) of 5-NH2 -6-N0 2-phen. 
The mixture (protected from light) was heated to a strong reflux 
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(under N2 ) • The mixture color was purple when the ligand was added, 
but became dark red after 20 min. After 3 h, the hot solution was 
cooled down to room temperature and was then filtered through a 15-
mL frit. The dark red filtrate (40 mL) was stored in the hood to 
evaporate overnight. A dark red solid was obtained and vacuum dried 
for 2 h. Yield: 0.1832 g. 
The crude solid was dissolved in 5 mL of CH3 CN with stirring 
in a 25-mL beaker. After 3 min, the mixture was filtered through a 
2-mL F frit. No solid was collected and the dark red filtrate was 
dripped into 160 mL of stirring anhydrous ether in a 400-mL 
beaker, and a large amount of orange red solid was formed. The 
mixture was then filtered through a 15-mL frit, and the solid that 
was collected was vacuum dried for 2 h. Yield: 0.1251 g (The 
filtrate was a faint pink) . 
The solid that was obtained was added to a 15-mL beaker, 
followed by 7 mL of water. The mixture (covered by a watch glass) 
was heated and stirred until the solution was about to boil (""'80 
°C). When it appeared that most of the solid had dissolved, 0.3312 
g (0.8443 mmoles) of NH4PF6 was added to the hot, stirring solution, 
and precipitation occurred immediately. The hot solution was 
filtered through a 15-mL frit and a large amount of orange-red 
solid was collected. This solid was washed with a few drops of ice-
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cold water and vacuum dried for 2 h. Yield of [(bpy) 2Ru(5-NH2 -6-N02 -
phen)] (PF6 ) 2 : 0 .1068 g, 67. 8% (based on cis-Ru (bpy) 2 Cl 2 •2H20) 
III. Methods 
The melting point measurements were obtained using either a 
MelTemp or a Thomas Hoover Melting Point Apparatus. Cyclic 
voltammograms were obtained on a Princeton Applied Research Model 
173 Potentiostat connected to a Model 175 Universal Programmer, 
and plotted on a Recorder Company Model 200 XY Recorder. 
Electrochemical experiments in acetonitrile used 0.1 M TBAH 
(tetrabutylammonium hexafluorophosphate, BAS., Inc.) as an 
electrolyte. A three-electrode system consisting of a platium disk 
or glassy carbon working electrode, a platium-wire counter-
electrode and a saturated sodium chloride calomel (SSCE) reference 
electrode, were used for cyclic voltammograms. Electronic 
absorption spectra were obtainted on a Shimadzu lN-3100 lN-VIS-NIR 
recording spectrophotometer or aShimadzu U-160. Infrared spectra 
were obtained on a Nicolet 20DXB FT-IR spectrometer, using Kbr 
pellets. NMR spectra were obtained on a General Electric QE-300 MHz 
FT-NMR. 
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Chapter 3 
Results And Discussion 
5-N02-phen This pale yellow solid (mp = 198-200 °C; lit.: 202-
2040C1) was the major product of the nitration of phen. Phendione 
was the minor product. The 1H-NMR spectrum, shown in Fig. 3-2, 
shows five sets of peaks with the area ratio 2:1:1:1:2. The peaks 
are as follows: 7.83(m,2H), 8.46 (m,lH), 8.71 (s,lH), 9.06 (m,lH), 
9.32 (m,lH) and 9.38 (m,lH). This peak pattern appears to be 
typical for 1,10-phenanthroline substituted at position 5 or 6. 
The chemical shift values in the 1H-NMR of 5-N02 -phen reveal 
that 5-N02 -phen appears to be electron deficient when compared with 
either phen or phendione. Evidence for this comes from the fact 
that all peaks from the phen ring of 5-N02 -phen were shifted 
further downfield (when compared to phen)as shown on Table 3-12 • 
The 1H-NMR of both of the latter ligands are shown in Figs. 3-3 and 
3-4. 
This shiny orange solid (mp = 323-324 °C) was 
obtained by amination of 5-N02 -phen by N~(l)in the presence of 
KMn04 • The 1H-NMR spectrum, shown in Fig. 3-5, shows seven sets of 
peaks with the area ratio 1:1:2:1:1:1:1. The peaks are as follows: 
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7.68 (m, lH), 7.86 (m,lH), 8.63 (s,2H), 8.72 (m,lH), 8.79 (m,lH), 
9. 08 (m, lH) , 9 .19 (m, lH) . 
The broad peak at 8.63 ppm was assigned to the two protons 
of the NH2 group of 5-NH2 -6-N02-phen. The upfield position of NH 2 is 
due to the neighboring strong electron withdrawing group (N02 ) and 
the 1,10-phen ring. The peak at 8.63 ppm disappeared upon the 
addition of D20 to the sample, confirming this as the -NH2 
resonance. 
In the IR spectrum of unsubstituted 1,10-phenanthroline 
between 600 and 2000 cm- 1 , strong bands are observed in three 
regions3 : between 700 and 900 cm- 1 , 1125 and 1250 cm- 1 and between 
1400 and 1650 cm- 1 • Strong bands in the 700-900 cm- 1 region have been 
identified with motions of ring hydrogen atoms moving in phase out 
of the plane of the ring3 • In 1,10-phenanthroline two strong bands 
appear at approximately 725 and 850 cm-1 (Fig.3-64 ). This is 
expected since there is one group of two and two groups of three 
adjacent hydrogen atoms in the ring system. In the hydrocarbons, 
the frequencies shift upward as the number of adjacent atoms in 
a group decreases4 • On this basis, the 725 cm-1 band is assigned to 
the out-of-plane motions of the hydrogen atoms on the heterocyclic 
rings and the 850 cm-1 band to similar vibration of the hydrogens 
on the center ring. 
The band in the region of 1125-1250 cm- 1 may arise from in-
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plane hydrogen deformation motions or possibly ring vibration. 3 
The third region contains several absorptions typical of 
aromatic heterocyclic compounds4 • There is usually an intense 
absorption close to 1500 cm- 1 and the second in a neighborhood of 
1600 cm- 1 , the latter often consisting of more than one maxima. A 
third strong band typically appears at about 1450 cm- 1 • In the 
spectrum of 1,10-phenanthroline, the absorption at 1505 cm-1 and 
1590 cm- 1 are most likely due to conjugated C=C bonds. A third band 
ccurs at 1423 cm- 1 (Fig. 3-6) 
In the IR spectrum of 5-N02 -phen (on Fig. 3-7) the bands 
assigned to the -N02 group are at 1347 cm-1 and 1520 cm-1 for 
asymmetric and symmetric stretching, respectively. 
The IR spectrum of 5-NH2 -6-N02 -phen is shown in Figs. 3-8 a and 
3-8 b. The two peaks centered at 3420 cm- 1 are assigned to N-H 
asymmetric and symmetric stretching. The bands at "the first 
region" range from 737 cm-1 to 807 cm-1 • There is a significant 
change in the -N02 peaks in 5-NH2 -6-N02 -phen as compared to 5-N02 -
phen. This can be seen by N02 symmetric stretching at 1387 cm-1 and 
asymmetric stretching at 1526 cm-1 in 5-NH2 -6-N02 -phen (Fig.3-8a). 
The band at 1273 cm- 1 is assigned to C-N stretching. The huge band 
at 1609 cm- 1 is due to N-H bending. 
The UV-Vis spectrum of 5-NH2 -6-N02 -phen for a known 
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concentration in DMSO is shown in Fig. 3-9. The Amax and E values 
calculated from Fig. 3-9 are listed in Table 3-2. The UV peaks 
of 5-NH2 -6-N02 -phen are more visible in CH3 CN (Fig. 3-10). (The 
UV cut-off for CH3CN is much lower than DMSO; however, 5-NH2 -6-N02 -
phen did not dissolve well in CH3CN). Table 3-2 shows that the 
visible absorption shows some sol vent dependence, as Amax values 
were in the order 419 nm (DMSO), 406 nm (CH3CN), 406 nm (MeOH), and 
403 nm (CH3Cl). This trend doesn't smoothly track with donor number 
(29.8, 14.1, 20.0), but does correlate somewhat with E/E 0 
values (45, 36, 33, 4.8) 15 • 
5,6-(NH2) 2-phen. This shiny yellow solid (mp ) 360 °C) was obtained 
by reduction of 5-NH2 -6-N02 -phen. The 1H-NMR, shown in Fig. 3-11, 
shows four sets of peaks with area ratio 4:2:2:2. The peaks are: 
5. 52 (broad, 4H) 7. 60 (m, 2H), 8. 48 (m, 2H) 8.77 (m, 2H). The 
peaks are listed in Table 3-1. This peak pattern 
appears to be consistent with symmetrical substitution in positions 
5 and 6 in the phen ring. (Compare with Fig. 3-4 -the aromatic 
region of the 1H-NMR of phendione in DMSO). The signal at 5.52 ppm 
(assigned to -NH2 
protons) disappears when D20 is added to the sample. 
When compared to 5-NH2 -6-N02 -phen, the N-H peak in 5,6-(NH2 ) 2 -
phen was shifted dramatically upfield. This is not unexpected from 
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the substitution of -N02 with -NH2 • All other proton peaks attached 
to the phenanthroline ring were also shifted upf ield, though the 
shifts are not so dramatic as the N-H peak. 
The IR spectrum of 5,6-(NH2 ) 2 -phen is shown on Fig. 3-12. The 
bands at 33 72/3325 cm-1 and 3267 /3209 cm-1 are assigned to N-H 
stretching. The band at 1305 cm- 1 is assigned to C-N stretching. The 
. band in the "first region" were at 733 and 799 cm-1 • This area 
of spectrum appears less complicated in this "symmetric" 5, 6- (NH2 ) 2 -
phen when compared to the "asymmetric" 5-NH2 -6-N02 -phen (Fig. 3-8). 
and 5-N02 -phen (Fig. 3-7). 
The UV-Vis spectrum of 5,6-(NH2 ) 2 -phen in CH3 CN and DMSO are 
shown in Figs. 3-13 and 3-14. In CH3CN, 5,6-(NH2 ) 2 -phen did not 
dissolve well, resulting in light scattering that is evident in 
the baseline. The low energy "-max values for this ligand are blue 
shifted from the 5-NH2 -6-N02 -phen by ,__,40 nm in DMSO and ,__,50 nm 
in CH3CN. The data is summarized in Table 3-4. 
This monometallic Ru complex 
is a red solid. The 1H-NMR spectrum in CD3CN is shown in Fig. 3-15. 
The spectra integrates to 24 protons, which is consistent with the 
expected number of hydrogens in this complex for two bpy (2x8) and 
one 5-NH2 -6-N02 -phen (lx8). The peaks are as follows: 
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8. 97 (m, lH) , 8. 82 (m, lH) , 8. 53 (m, 3H) , 8. 18 (m, lH) , 8. 05 (m, 6H) 
7.78 (m,4H) and 7.62 (m,4H), 7.45 (m, 2H), 7.28 (m, 2H). 
The presence of the -NH2 peak in the same region as for 
uncomplexed 5-NH2-6-N02-phen was confirmed by the loss of signal 
in the multiplet centered at 8.05 ppm upon the addition of one 
drop of D20 to the CD3CN/complex solution. 
As is typical for hexafluorophosphate salts of Ru(II) 
polypyridyl complexes, [ (bpy) 2Ru (5-NH2-6-N02-phen)] (PF6 ) 2 is quite 
soluble in CH3 CN which is the solvent in which a known 
concentration of this monometallic Ru(II) complex was used in the 
UV-Vis for calculation of E. The absorption spectrum in CH3 CN is 
shown in Fig. 3-16. (Absorption maxima and E values are listed in 
Table 3-4) . The intense absorption at 280 nm is assigned as arising 
from a combination of ligand-centered n-->TI* transitions on the bpy 
and 5-NH2-6-N02-phen rings. This assignment is reasonable based on 
comparisons with the UV-Vis spectra of free bpy (Fig. 3-17) and 5-
NH2-6-N02-phen (Fig. 3-10). The absorptions at 
around 430-450 nm are asssigned as overlapping metal-to-ligand 
charge transfer (MLCT) bands (Ru(dn)-+ bpy (n*) and Ru(dn)-+5-NH2-6-
N02-phen(n*). In addition, the 5-NH2-6-N02-phen itself most likely 
shows ligand-centered absorption in this area. (The additional UV 
band at ~240 nm is actually rountinely assigned as a second, higher 
energy set of MLCT absorptions, despite its resemblance to 
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absorptions in the spectra of the free ligands) . The lowest energy 
MLCT band does not show appreciable solvent dependence (Table 3-5). 
The low energy of the MLCT bands of this monometallic Ru(II) 
complex gives some information about the electronic structure of 
the 5-NH2 -6-N02 -phen in the complex. The expected energy of the MLCT 
bands can be calculated from the absolute value of the measured 
energy difference between the oxidation potential of Ru(II) and the 
reduction potentials of either bpy or 5-NH2 -6-N02 -phen5 • 
EMLcT ( eV) 
EMLCT ( eV) 
E 1; 2 (Ru III/II) - E 1; 2 ( 5 - NH2 - 6 - N02 -phen °11-) 
El/2 (Ru III/II) - El/2 ( bpyo/1-) 
(Eq. 3 -1) 
(Eq. 3 -2) 
Using Eq. 3-1 and cyclic voltammetry data from Table 3-6 and 
converting the resulting energy units to nm for this monometallic 
complex results in a predicted A.MLcT = 582 nm. This lower energy 
MLCT was not observed experimentally. Doing the same calculation 
for bpy in Eq. 3-2 results in a predicted value = 452 nm, which is 
close to the experimentally observed value, suggesting a higher 
energy RuII to bpy MLCT transitions. These observations are 
consistent with a picture where electrochemical reduction of 
5-NH2 -6-N02 -phen is probably centered on the -N02 group, whereas 
photochemical reduction (from drr--+rr* transition) is localized 
in the phen ring orbitals of (5-NH2 -6-N02 -phen) and bpy rings. 
The IR spectrum of [ (bpy) 2Ru (5-NH2 -6-N02 -phen)] (PF6 ) 2 is shown 
in Fig. 3-18. The two peaks centered at 3443 cm- 1 are assigned to 
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N-H symmetric and asymmetric stretching. The band at 1526 cm-1 is 
assigned to N02 asymmetric stretching and the band at 1394 cm- 1 is 
assigned to N02 symmetric stretching. The band at 1262 cm- 1 is 
assigned to C-N stretching.The strong band at 844 cm- 1 can be 
assigned to the stretching of PF6-. 
Electrochemistry 
The cyclic voltammetry (CV) experiments used CH3 CN as the 
solvent with 0.1 M TBAH as the supporting electrolyte. E1 ; 2 values 
were calculated from the average of the anodic and cathodic peak 
potentials [ E1 ; 2 = (Epa+Epc) /2 ] at a scan rate of 100 mV/s. 
The CV of [(bpy) 2Ru(5-NH2 -6-N02 -phen)] (PF6) 2 is shown in Fig. 3-19 
The oxidative portion of the CV contains a quasi-reversible wave 
(t.Ep= 100 mV) centered at E1; 2= 1. 34 V. This is in the region typical 
for one-electron oxidation of trispolypyridyl Ru(II) complexes. 
For example, the E1 ; 2 values for Run (bpy) /+ and Run (phen) /+ in CH3CN 
are 1.26 V and 1.27 V, repectively. 
There is a noticeable asymmetry between the anodic and 
cathodic peaks in the oxidation wave. This could be due to 
irreversible oxidation of the -NH2 group of 5-NH2 -6-N02 -phen during 
the anodic scan. A similar asymetric oxidation wave was observed by 
Ellis et al 6 for [ (bpy) 2Ru ( 5-NH2 -phen) ]2+ in CH3 CN, and it was 
attributed to oxidation of the -NH2 group on 5-NH2 -phen. 
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The reductive portion of the CV of [ (bpy) 2Ru (5-NH2 -6-N02 -phen)] (PF6 ) 2 
contains two small, irreversible peaks centered at Ee = -0.75 v 
and Ee = -0.85, respectively. These are most likely reductions 
centered on the -N02 portion of 5-NH2 -6-N02 -phen, but the details 
are not clear. (The value ~-0.80 V was used for E1 ; 2 (5-NHr6-N02-
phen°1-1 ) in Eq. 3-1 in the previous discussion on MLCT peaks) . The 
reductive portion of the CV also contains two more waves centered 
at E1; 2 = -1.37 V and ~-1.56 V vs SSCE. These can be assigned as one-
electron reductions of each bpy ligand7 • (See Table 1-2 of 
Introduction) .The second bpy reduction wave appears to have 
enhanced intensity in the cathodic peak. This could be due to some 
absorption of the reduced complex on the electrode surface. 
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Table 3-l 1H-NMR data ofphen and several of its derivatives 
Ligand Chemical Shift (ppm) 
1, 10-phenanthroline a 9.20 7.63 8.25 7.78 7.78 8.25 7.63 9.20 
5-N02-phen• 9.36 7.86 9.06 ---- 8.71 8.46 7.83 9.32 
phendione• 9.13 7.60 8.52 ---- ---- 8.52 7.60 9.13 
5-NH2-6-N02-phenb 9.19 7.86 8.79 ---- ---- 8.72 7.68 9.08 
5,6-(NH2)z-phenb 8.77 7.60 8.48 ---- ---- 8.48 7.60 8.77 
a: CDCL3 was used as solvent 
b: DMSO was used as solvent 
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Table 3-2· 
UV- Vis Data for S-NH2 -6-N02 -phen 
Ligand Solvent A.max, nm 
( E x 10-3 M-1cm-1 ) 
272.6 ( 20.4) 
303.0 ( 12.6) 
5-NH2-6-N02-phen DMSO 
389.3 ( 5.6) 
418.6 (10.0) 
230.0 
269.5 
5-NH2-6-N02-phen CH3CN 
391.0 (sh) 
406.5 
* Mid Scan Speed, 2.0 nm resolution. 
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Table 3-2* ( cont'd) 
UV-Vis Data for s-~-6-N02 -phen 
Ligand Solvent A.max, nm 
( E x 10"3 M·1cm-1) 
271.5 
299.0 
5-NH2-6-N02-phen CH3Cl 
392.0 (sh) 
403.0 
229.8 
270.2 
5-NH2-6-N 0 2-phen MeOH 
295.0 
388.0 (sh) 
406.6 
* Mid Scan speed, 2.0 nm reslution 
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Table 3-3* 
UV-Vis data for 5, 6- (NH2 ) 2 -phen 
Ligand Solvent A.max, nm 
( E x 10-3 M- 1cm-1) 
272.8 (33.1) 
5,6-(NH2) 2-phen DMSO 294.0 (23.4) 
377.6 (10.0) 
217.5 
5 ,6-(NH2) 2-phen CH3CN 264.5 
287.5 
354.0 
* Mid speed scan, 2.0 nm resolution 
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Amax (nm) 
( E x 10-3 M·1cm-1) 
449.0 ( 12.9) 
428.1 sh (12. 7 ) 
280.6 ( 55.4) 
243.0 ( 30.6) 
*Spectra was taken in CH3CN 
Table -3-4* 
Transition Assignments 
Rull (dn) ---------> L (n*) MLCT 
Rull ( dn) ---------> bpy (n*) MLCT 
Rull (dn) ----------> L (n*) MLCT 
Rull ( dn) ----------> bpy (n*) MLCT 
L (n) -------> L(n*) 
L (1t) -------> L(n*) 
bpy ( n) -------> bpy(n*) 
Rull(d n) -------> bpy(n*) MLCT 
Rull( d 7t) -------> L (n*) MLCT 
35 
Table 3-5 
Solvent A. (nm) 
449.0 
422.0 (sh) 
H20 
285.0 
242.0 
449.0 
426.0 (sh) 
MeOH 286.0 
243.5 
202.0 
452.0 
434.5 (sh) 
CH2Cl2 
287.0 
244.0 
36 
Table 3-6 
E1;2 (!!.EP) Assignment 
+1.34 v (100 rnV) Ru (I I) ---+ Ru (I I I) ; oxidation of -NH2 
-0.75 vb Reduction of -N02 group 
-0.85 vb 
-1.37 v ( 6 0 rnV) bpy 0/-1 
-1.56 v (100 rnV) bpy 0/-1 
a. CH3 CN /0.1 M TBAH; Pt buttton working electrode, Pt auxillary 
electrode, SSCE reference electrode. 
b. Irreversible 
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Fig. 3-4 1H-NMR spectrum of 1,10-phen-5,6-dione in CDCl3 
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